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Physicél Processes Producing
Magnetospheric Substorms and
Magnetic Storms

ROBERT L. McPHERRON

1 INTRODUCTION
1.1 Geomagnetism

The Earth’s magnetic field is produced by a self-exciting dynamo in its
liquid core. Outside the Earth this field would be approximately dipolar if
it were not for a variety of secondary sources which distort its shape. In
the crust the main field induces magnetization in susceptible rocks that is
observed as anomalies in the main field. In the ionosphere solar heating and
tides drive electrical charges across dipole field line, producing a current.
This ionospheric dynamo generates a magnetic field which can be observed
by stations passing beneath it. At radial distances of 4-6 R., charged par-
ticles of the Van Allen radiation belts drift because of gradients in the main
field. Since charges of opposite sign drift in opposite directions they
produce a ring current around the Earth. The growth and decay of this
current over a period of several days is called a magnetic storm. At dis-
tances of 10 R. and beyond, the impact of solar wind charges on the outer
fringes of the main field creates a boundary current that confines the ficld
inside a region called the magnetosphere. A frictional interaction between
the solar wind and this boundary drags field lines away from the Sun pro-
ducing yet another current system whose effect is the creation of a long
comet-like magnetic tail. This drag induces convection of magnetic field
lines and their attached particles and causes additional currents to flow in
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the ionosphere. Sudden changes in the strength of the solar-wind inter-
action and instability of the convective flow temporarily connect the
magnetospheric and ionospheric currenis along field lines. Intervals, of
several hours, when this occurs are called magnetospheric substorms.
The scientific discipline which studies the Earth’s magnetic field is called
geomagnetism. Geomagnetism has many subdisciplines including dynamo
theory, palaeomagnetism, jonospheric physics, and magnetospheric phy-
sics. The subject of this article is magnetic substorms and storms, which
belongs to the fields of ionospheric and magnetospheric physics. However,
uitimately, the Sun is the primary cause of geomagnetic activity and the
solar wind is its agent. Thus it is necessary to study solar physics and solar
wind physics as well to fully understand the causes of magnetic activity.

1.2 Solar-terrestrial physics

Solar-terrestrial physics is the name given to the study of relations between
phenomena in the Earth’s upper atmosphere and on the Sun. The ficid of
study began about 1850 when it was first recognized that the periodicity of
spots on the Sun was related to a similar periodicity in magnetic dis-
turbances (se¢ review by Chapman, 1967). The early history of this field is
characterized by the use of indices of solar and magnetic activity in studies
of the causal relations between phenomena on the Sun and on the Earth.
One of the outstanding results of this period was the Chapman—Ferraro
theory of magnetic storms (Chapman and Ferraro, 1930; 1931a,b; 1932). This
theory postulated that a magnetic storm is caused by an electrically neutral
stream of charged particles emitted from the Sun in a solar flare. The par-
ticles travel to the Earth and become trapped in its magnetic field. Once
trapped they drift in a ring about the Earth creating a current whose effects
are seen on the ground as a magnetic storm. Although the basic idea was
correct, the multitude of processes by which these particles are trapped and
energized are not yet fully understood. A comprehensive review of this
early phase of solar-terrestrial physics is given in the classic books
Geomagnetism, Vols T and 11 (Chapman and Bartels, 1962).

The second era of solar-terrestrial physics began with the launch of the
first spacecraft in 1957. One of the first important discoveries made by
early spacecraft was the continuous presence of a magnetized solar wind
transmitting the Sun’s influence to the Earth (Snyder ef al., 1963). The
solar wind interacts with the Earth’s field producing a variety of current
sysiems whose effects can be measured both on the ground and throughout
the magnetosphere surrounding the Earth.

It was quickly recognized that it is the solar wind that couples the Sun
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to the Rarth, transferring to it mass, momentum and energy originating at
the Sun. This article reviews the two main candidates for this coupling
mechanism: viscous interaction and magnetic reconnection. The topic of
solar-wind—magnetosphere coupling has become an important subdis-
cipline of solar-terrestrial physics. The discipline uses observations of the
solar wind and its effects in the magnetosphere to study the complex
phenomena involved in the coupling processes. The books entitled Physics
of Geomagnetic Phenomena, Vols 1 and 2 (Matsushita and Campbell,
1967a,b) were an attempt to summarize initial results of spacecraft
measurements.

1.3 Magnetic activity

Magnetic activity is the name given to time variations in the magnetic field
observed by magnetometers on the Earth’s surface. We generally assume
that such variations are a consequence of fluctuations in currents external
to the Earth. Although the magnitude of changes in the internal field are
comparable to that of substorms and weak storms, their timescale is much
longer. Currently the magnitude of the Earth’s field is decreasing about
50 nT year~! (out of 50 000 nT). For comparison, this is about the magni-
tude of changes measured at mid-latitudes from substorms, and about one-
third that of a moderate magnetic storm. A sudden change in solar-wind
pressure can cause this change in 1 min and an auroral display can cause
it in 1 k.,

The pattern of magnetic activity over the Earth’s surface can be quite
complex and its characterization is not an easy task. This has traditionally
been done through the use of magnetic indices (Lincoln, 1967; Mayaud,
1980). Originally the indices were defined with little understanding of the
processes responsible for the activity. The international character figure Ci
and the planetary range index Kp are examples of such indices. As under-
standing grew, indices of greater physical significance were developed. For
example, the disturbance storm-time index Ds? is directly proportional to
the total energy in the drifting particles which create the storm-time ring
current (Dessler and Parker, 1959). Recently, new indices such as the
auroral electrojet index AE have been defined to characterize the currents
that flow in the ionosphere during auroral displays. Reviews of the defini-
tions and procedures for calculation of modern magaetic indices are given
by Rostoker (1972) and Baumjohann (1986a).

Time variations are always present in ground observations of the Earth’s
magnetic field, even when the causes of activity are not present in the solar

"wind. The rotation of the Earth is a major cause of such changes. Since
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various current systems are not symmetric about the rotation axis, ground
stations rotate through spatially varying magnetic fields. The ionospheric
dynamo current is immediately above ground stations in the sunlit hemi-
sphere and this current is the major cause of magnetic variation on quiet
days. A second cause of change is variations in the angle between the solar-
wind velocity vector and the dipole axis. The shape of the magnetopause
and the pattern of the boundary current depend on this angle (Olson,
1969). So too does the location of the tail current which is effectively
hinged to the magnetic equator at about 11 R. (Russell and Brody, 1967).
As the dipole tilt changes due to the Earth’s rotation, the location, distri-
bution and strength of these currents are modulated. This modulation is
observed as time variations in magnetic records.

Changes in the Earth’s main field and the solar quiet-day variation

UCLA MAGNETIC OBSERVATORY
Mt., Californi?.
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Figure 1. Magnetogram plotted from digital data recorded by the UCLA magnetic
observatory at Table Mt., California in October 1989. The X, Y and Z components
are respectively geomagnetic north, east and down. The quiet reference day is 14
October 1989 (smooth line), and the disturbed days (solid lines) include 21-22
October 1989.
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provide a background upon which all variations of external origin are
superposed. These changes must be removed from magnetometer records
before they can be used in studies of other phenomena. Because neither can
be predicted exactly, there is always some error in the residual variations
used to infer physical processes. An example of the difference between
quiet and disturbed magnetic variations measured at midlatitudes is pre-
sented in Fig. 1. The data were acquired by a fluxgate magnetometer at
the UCLA magnetic observatory near Los Angeles in October 1989. The
disturbance is a portion of magnetic storm that occurred shortly after the
launch of the Magellan and Galileo spacecraft. The three panels display
respectively the X (north), Y (east) and Z (down) components of the
magnetic-field vector for a quiet day (smooth line}, and a disturbed day
(solid line). The original data were measured in a field-aligned coordinate
system, but for consistency with other observatories they have been rotated
to geomagnetic coordinates. Many observatories still use magnets as the
sensor of field variations. Such systems routinely record the declination D
(angle of horizontal disturbance to true north), the horizontal magnitude
H and the downward component Z of the field variation.

1.4 Solar-wind control of magnetic activity

One of the first discoveries of the era of spacecraft was that magnetic
activity is caused by the solar wind. Daily averages of solar-wind velocity
measured by the first interplanetary probe Mariner 2 were very highly
correlated with daily sum Kp index (Snyder ef al., 1963). High activity
occurred at times of high solar-wind velocity. Furthermore, high velocities
occurred periodically with the 27-day solar rotation period suggesting the
source of high-speed streams was fixed on the Sun.

Several years later, Wilcox ef al. {1967) demonstrated that the intervals
of high velocity were simply a manifestation of an ordered structure in the
solar wind that he named ‘sector structure’. Almost all wind parameters are
organized by the sector boundaries. For example, they found that the mag-
nitude of the interplanetary magnetic field (IMF) was also well correlated
with Kp. The implications of this were not initially clear. However,
Fairfield and Cahill (1966) had demonstrated that magnetic activity occurs
only when the IMF outside the magnetopause is southward, This work and
that of others led Schatten and Wilcox (1967) to conclude that it was the
Z component of the TMF that caused magnetic activity.

A reason why the IMF B, component might be important was suggested
by Dungey (1961). A southward IMF is antiparallel to the Earth’s magnetic
field at the subsolar point on the dayside magnetopause. This configuration
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644 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

experimentally observed that convection and magnetic activity become
nearly unobservable when the interplanetary magnetic field is northward,
it has been concluded that reconnection is more important than the viscous
interaction in the Earth’s magnetosphere (Cowley, 1982a).

3.2.2 Boundaries of plasma sheet and ring current

A major probilem with the closed magnetosphere model is that it does not
provide an explanation for the sharp outer boundaries of the plasma sheet.
The open model explains these very simply in terms of the field topology
produced by reconnection. In Fig. 31, field lines in the tail lobes are open
and connected to the solar wind. Field lines interior to the plasma sheet are
closed and connected to the Earth. Any charged particle gyrating about a
field line within the plasma sheet is trapped by the geometry of the field.
As particles spiral towards the atmosphere they are reflected by the con-
verging magnetic field. They then travel back along the field line crossing
the neutral sheet to be reflected again in the converging field of the opposite
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Figure 31. Magnetic field topology in the open magnetosphere. The outer boun-
daries of the plasma sheet are defined by the last closed ficld lines (McPherron
et al., 1973a).
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pole. In contrast, any particle travelling away from the Earth on a lobe
magnetic field line is usually lost to the solar wind. Thus, a sharp gradient
in particle density develops much as it does at the plasmapause.

The plasma sheet also has an inner edge defined by particle drifts. In
steady state, cold particles (zero magnetic moment) flowing earthward
cannot penetrate deeper than the plasmapause. Electrons with finite initial
energy penetrate less deeply than this because their gradient and curvature
drift add to the electric drift turning them at greater radial distances. The
greater the initial electron energy the further from the Earth the electron
is turned. This produces a relatively sharp inner edge for the electrons in
the plasma sheet, and a characteristic increase in electron temperature as
radial distance increases (Vasyliunas, 1968).

For jons the situation is much more complex (Chen, 1970; Grebowsky
and Chen, 1975). Cold ions drifting sunward from the tail are forbidden
entry to regions interior to the plasmapause as are cold electrons. However,
ions of slightly higher initial energy (magnetic moment) penetrate closer
than the plasmapause. The reason for this is that gradient and curvature
drift oppose coretation drift allowing the convection drift to bring ions
closer to the Barth. However, ion drifts are very sensitive to the initial
magnetic moment of the particle as illustrated in Fig. 32. As the magnetic
moment increases, the forbidden regions become singular and change
shape. For high moments the shape of the forbidden region is nearly the
mirror reflection of the plasmapause, bulging outward at dawn rather than
dusk.

Ion and electron drift are generally considered to be adiabatic conserving
the first two invariants of particle motion (g and J). Conservation of
u= W, |B requires that the perpendicular energy of a particle increase as
it drifts into regions of increasing magnetic field. The shapes of forbidden
regions are generally shown for particles of fixed x. Forbidden regions can
also be calculated for particles of fixed energy. Grebowsky and Chen (1975)
have studied the way in which these change in response to a sudden
enhancement of magnetospheric convection. Figure 33 displays results of
these calculations. The top left panel shows the initial situation with weak
convection. The shaded region is the plasmasphere. Dotted, dashed and
solid lines show forbidden regions for progressively higher energy ions. It
is apparent that 10 keV ions can penetrate well inside the plasmapause, but
still higher energy 40 keV ions cannot. Successive panels show the temporal
evolution of these forbidden regions after a sudden enhancement of con-
vection. The regions initially develop long tails which rotate around the
Earth. Eventually the shape of the regions stabilize with ions drifting much
closer to the Earth. Tons of 40 keV that were initially excluded from the
plasmasphere then have total access to the dusk side of the magnetosphere.
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648 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

layers of thickness 0.5—1 R.. The characteristic feature identifying these
layers is counterstreaming ion beams, Typical plasma parameters for these
layers include densities of 0.1-0.3 cm™?, bulk flow speeds 100—700 km s~ N
and mean energies of 0.5-5 keV. Figure 34 shows the structure of one of
these layers. In the lobe a plasma instrument normally detects only cold
electrons. As a spacecraft enters the plasma sheet the instrument begins
to observe hot clectrons. Somewhat deeper it detects energetic ion beams
streaming earthward along the magnetic field, Deeper still the average
energy of the earthward beams begins to decrease, while at the same time
the more energetic ion beams are observed streaming tailward. Close to the
neutral sheet the plasma distribution becomes isotropic with no detectable
streaming. The regions next to the north and south lobes within which the
hot electrons and streaming ions are observed are called the ‘plasma sheet
boundary layers’. The region of isctropic plasma is called the ‘central
plasma sheet’.

The structure of the plasma sheet boundary layer can be explained as a
consequence of the cross-tail electric field and the weak magnetic field near
the distant neutral line (Speiser, 1965; Lyons and Speiser, 1982; Cowley,
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Figure 34. A schematic illustration of the structure of ion beams in the plasma
sheet boundary laver (from Takahashi and Hones, 1988, adapted from Forbes
et al., 1981),
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1985). For reasons to be explained below, assume that energetic electrons
and protons are accelerated earthward along closed field lines somewhere
near this neutral line. As these charges travel earthward they also drift
towards the neutral sheet with a velocity F4 = (E X B)/B2. Electrons travel
so fast along a field line that they do not drift a significant distance perpen-
dicular to the field before they are reflected at the foot of the field lines and
reappear in the plasma sheet travelling tailward. They are thus observed
just below the last closed field line connected to the neutral line. For the
same energy, protons with their larger mass travel along field lines 40 times
slower than electrons. For them, the E-field drift is significant, and by the
time they are reflected near the Earth they have drifted to lower latitude
field lines. They are thus seen travelling tailward somewhat lower in the
plasma sheet.

After reflection at the ionosphere the electrons and ions try to follow
field lines as they curve across the neutral sheet and enter the opposite
hemisphere. For low-energy electrons this transition is relatively easy, but
higher energy electrons and protons have larger gyroradii, and find it more
difficuli. As they try to follow the sharp bends in the ficld they are scattered
in pitch angle emerging on the other side of the neutral sheet with nearly
isotropic distributions (Lyons, 1984). As they continue to bounce they drift
carthward. The region of isotropic ions ecarthward of where the first
reflected ion beam tries to cross the neutral sheet constitutes the central
plasma sheet. The region tailward of this is the source of the boundary
layer.

To understand the graduval decrease in energy of the ion beams in the
boundary layer we must consider a process first suggested by Dungey
(1953). Figure 35 illustrates the basic idea which was later developed in
detail by Speiser (1965, 1967). Ions drifting adiabatically in the crossed
electric and magnetic fields of the tail lobe enter the plasma sheet. If the
ion gyroradius is large compared with the thickness of the current sheet
they begin to execute serpentine motion (now called ‘Speiser orbits’) as they
are turned in opposite directions by the magnetic ficld above and below the
current sheet. This motion allows the ions to drift in the direction of the
cross-tail electric fleld, gaining energy from it, When there is a weak ver-
tical component of magnetic field across the current sheet it causes the ions
to gyrate about a vertical axis, curving earthward as they do so. At some
point the velocity of the ions becomes nearly figld-aligned and they leave
the current sheet, travelling earthward nearly parallel to a field line.

The amount of energy gained by an ion depends on how far it drifts in
the cross-tail electric field. The weaker the vertical component, the larger
the radius of gyration, and the greater is the energy gained. Since the ver-
tical field is weakest at the neutral line, particles which enter the plasma
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652 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

Figure 36, Creation of the polar mantle by electric field drift in the polar cusp.
Solid and open circles show the respective trajectories of high and low energy
charges (Rosenbauer et al., 1975).

the tail, on the cusp magnetic field configuration, and the cross-tail electric
ficld. Bven so it is apparent that the ions that initially have the least energy
and smallest pitch angle define the inner boundary of the polar mantle. The
mantle thickens with distance down the tail as the ions drift towards the
plasma sheet. Low-energy ions reach the plasma sheet closest to the Earth
since their total velocity makes the largest angle to the lobe field. Increas-
ingly more energetic ions reach the sheet with greater distance, until the
distant neutral line is encountered. Particles wiih sufficient parallel velocity
pass this neutral line before the field line on which they are streaming
reconnects and are lost to the solar wind when their field line is cut.
Pilipp and Morfiil (1978) have developed a quantitative model for the
development of the polar mantle with distance down the tail. Their model
considers two different particle sources. The first is entry via the polar cusp
as illustrated in Fig. 36, The second source is a ‘leaky magnetotail’ in which
particles enter uniformly everywhere along the top of the tail. The model
with the distributed source predicts lower bulk velocities and higher
densities at the distant neutral line than does the cusp entry model. Obser-

3 THE STRUCTURE OF THE MAGNETOSPHERE 653

vations in the deep tail by the ISEE-3 spacecraft apparently support the dis-
tributed source (Slavin ef al., 1985). The implications of this are unclear
since it is not apparent how particles can enter the top boundary of the
tail flowing tailward parallel to field lines as assumed in the model. The
topology of open field lines suggests solar wind particles must enter the
magnetotail flowing towards the Earth rather than away. Perhaps reflection
of such particles near the atmosphere is the actual source.

3.2.5 The day- and nighiside neutral lines

The structure of an x-type neutral line is illustrated in Fig. 37. Two regions
above and below a plasma interface are threaded by magnetic flux orig-
inating in different locations. When the fields are antiparatllel a slab current
flows in the interface, It is assumed that at some point the electrical con-
ductivity of the plasma becomes finite decreasing the total current along a
portion of the interface, The magnetic fields on either side can then diffuse
into the interface producing an x-type configuration where the fields touch
at only one point (Petschek, 1964). Once formed, the J X B forces in this
configuration cause the fields to drift together. When they meet at the
centre of the diffusion region they appear to be cut by mutual annihilation.
The magnetic energy present in the inflowing plasmas is converted to

GEOMETRY OF X-TYPE NEUTRAL LINE

i neutral
& sheet

] current
4 N edge
\ \ cutting
x-line reconnection
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separalrix flow

Figure 37. Reconnection at a steady-state neutral line. Two magnetized plasmas
flow together and interconnect field lines in a diffusion region created by finite
conductivity. Energized plasma flows out along the interface between plasmas,
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neutral line is parabolic in shape and opens tailward from the point where
it is closest to the Earth at 120 R..

3.2.6 Summary of features of the open model

The most important feature of the open model of the magnetosphere is
interconnection between the magnetic fields of the Earth and the solar
wind. This interconnection is brought about by magnetic reconnection
along a dayside segment of the neutral line separating the magnetic fields
of the two plasma regimes. Once interconnected, the motional electric field
of the solar wind is transferred directly to the polar-cap ionosphere where
it induces drift of ionospheric plasma. This drift carries magnetic flux from
the day to the night side where it accumulates in the tail lobes. To avoid
a flux catastrophe where all flux is removed from the day side, reconnection
must also occur along a nightside segment of the neutral line. Reconnection
at this second location allows the possibility of a steady state in which
magnetic flux convects in closed loops through the magnetosphere. The
ionospheric electric field from this convection is the same as that for the
viscous interaction and can be used to explain the same phenomena.

The open model provides explanations for some phenomena for which
the closed model does not. One is easy access of solar particles to either
polar cap dependent on the sense of the radial component of the solar-wind
magnetic field. Another is the existence of the polar mantle. A third is
the sharp outer boundary layer to the plasma sheet and the earthward
streaming ion beams which are observed within it. Most important of all
is that it explains the dependence of magnetic activity on a southward
interplanetary magnetic field.

3.3 The composite magnetosphere

The real magnetosphere is a composite of the open and closed models. The
viscous interaction is apparently always present at a low Ievel. It transports
closed magnetic flux from the day side to the night side and back regardless
of the orientation of the IMF. Also, it appears that the polar caps are
always open to the solar wind, even when the IMF is northward
(McDiarmid ef al., 1980). This situation leads to the magnetic topology
illustrated in Fig. 40. Open field lines provide a mantle above and below the

Figure 39. Observations of magnetic field and plasma within the plasma sheet
beyond the moon suggest a permanent neutral line is located beyond 120 R. (Slavin
and Kamide, 1986).
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660 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

wrap around the viscous cells. The left column of Fig. 41 represents the
situation for reconnection during northward IMF as discussed next.

The existence of convection in an open polar cap during northward IMF
was unknown until recently. Dungey (1961) speculated that when the IMF
is northward reconnection should occur poleward of the polar cusps as
illustrated in a rather distorted fashion in the bottom part of Fig. 28. He
assumed that magnetotail field lines would be closed under these condi-
tions. If one IMF ficld line were to reconnect simultaneously to one tail
field line as illustrated, the net result would be to remove a field line from
the night side and add it to the day side. The portion of the field line orig-
inally in the tail lobes would be removed downstream by the solar wind.
Russell (1972) and Maezawa (1976) modified the Dungey picture for north-
ward IMF. They assumed that it is more likely that tail field lines are open
when the northward IMF condition begins, and that reconnection probably
occurs only in one hemisphere. Tiit of the dipole and the B, component of
the IMF should favour such an asymmetry. When they considered the
implications of such asymmetric reconnection they concluded that the open
flux within each tail lobe would circulate without change in the total flux.
Figure 42 illustrates the pattern of field line motion they envisaged. Open
field lines flow up through the centre of the tail lobes to a merging line
poleward of the polar cusp. After reconnection one segment of the lobe line
is disconnected from the Earth and is stripped off the top of the magneto-

= >
1 2 K 4

Figure 42. Field and flow pattern induced in the magnetosphere by reconnection
of northward IMF at a single point above the northern neutral point (Maezawa,
1976).

3 THE STRUCTURE OF THE MAGNETOSPHERE 661

tail by the solar wind. The other segment is pulled to either side of the
magnetosphere by the solar wind. With time such field lines are transported
tailward along the flanks of the magnetosphere slowly moving inward
above the boundary of the plasma sheet. When parallel ficld lines from
either side meet in the centre of a lobe they are diverted upward to recon-
nect again at the top of the lobe. Each field line thus passes through the
same neutral line twice, maintaining constant magnetic flux in the lobe.

There is abundant evidence that sunward convection occurs in the polar
cap at times of northward IMF (e.g. discussion by Rasmussen and Schunk,
1988). Measured field-aligned current patterns are consistent with such con-
vection (Iijima and Shibaji, 1987). Furthermore, simultaneous observations
of field-aligned currents and solar electrons indicate that some, if not all,
polar-cap field lines are open at this time (McDiarmid et @l., 1980; Heelis
et al., 1986). However, there is as yet little agreement on how many con-
vection cells exist during northward conditions, and how they evolve from
the two-celled system for southward IMF.

In the ionosphere the feet of lobe field lines reconnecting above the polar
cusp are expected to trace a path like that illustrated in the top left panel
of Fig. 41. This pattern is the inverse of that produced by reconnection at
the subsolar point shown at the top right. Open flux tubes flow sunward
along the noon—midnight meridian in the centre of the polar cap, and then
antisunward along the dawn and dusk boundaries. If convection is simul-
taneously present due to viscous interaction the resulting pattern should
consist of four cells as illustrated in the bottom left panel (Burke ef al.,
1979). It should be noted that in this situation activity in the auroral oval
would be produced only by the viscous process. Effects produced by the
reconnection northward of the cusp are confined to the centre of the polar
cap where they are difficult or impossible to observe. However, recent
studies show that currents proportional to the strength of the northward
IMF are flowing in the polar cap during northward IMF (Friis-Christensen
et al., 1985; Tijima and Shibaji, 1987; Knipp, 1989).

A three-dimensional perspective view of the motion of flux tubes pro-
duced by the combined processes is shown in Fig. 43. Closed flux tubes
dragged tailward along the flanks return sunward just inside of the tailward
moving tubes. Flux tubes opened at a subsolar x-line are dragged over the
polar caps and drift together at a distant x-line far downstream. They
reconnect and flow earthward in the centre of the plasma sheet passing
around the Earth outside of the plasmapause, but inside of the flux tubes
returning from the boundary layers. Cowley (1982a) has estimated that
typically the viscous interaction produces only 5-10% of the maximum
potential drop across the magnetosphere. This suggests that during dis-
turbed times the regions of return flow from the viscous boundary layers
are quite thin compared with the return flow from the distant neutral line.
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Figure 46. A cross-section of the Earth’s magnetotail at about x= —20 R.. Dis-
tinct regions including polar mantle, lobe, plasma sheet boundary layers, central
plasma sheet and low-latitude boundary layers are shown by shading patterns.

low-latitude boundary layers on the flanks of the magnetosphere are shown
with somewhat exaggerated thickness. Flow lines for the viscous interaction
are drawn to emphasize the point that they return sunward just inside the
boundary layer, while return flow from the distant neutral line occupies the
centre of the tail.

Figure 46 shows a dawn—dusk cross-section of the tail at a distance about
20 R. downstream of the Earth., The various boundary layers illustrated
include the polar mantles, the plasma sheet boundary layers, and the low-
latitude boundary layers. Other regions include the lobes of the tail and the
central plasma sheet., Several regions within the central plasma sheet are
distinguished according to the supposed origin of the return flow.

3.4 The Harang discontinuity

The auroral substorm usually begins in a region located just before mid-
night at the boundary between diffuse and discrete aurora. Normally the
most equatorward discrete arc in this region intensifies and then expands
both azimuthally and poleward. As we discuss now, this region of the

3 THE STRUCTURE OF THE MAGNETOSPHERE 6635

ionosphere is characterized by complex electrodynamics. Understanding
this region and its relation to substorm expansion onset is an ouistanding
research problem.

Near midnight the eastward and westward electrojets merge along a line
trending a little north of magnetic west. This feature of the jionospheric
Hall-current system was first studied by Harang (1946) who defined it as a
region in the auroral oval across which the direction of magnetic dis-
turbances switches from north to south. Heppner (1972) named this region
the ‘Harang discontinuity’ to recognize Harang's work. According to
Harang (1946} this region begins near midnight and is slightly tilted with
respect to circles of magnetic latitude so that it is located at higher latitudes
at earlier local times. Since north—scuth magnetic disturbances in the
auroral oval are produced by the eastward and westward electrojets, the
Harang discontinuity is the boundary that separates them. The tilt of the
discontinuity slightly north of west implies that the westward electrojet ter-
minates on the poleward side of the eastward electrojet. As discussed in
§3.1.3, and shown schematically in Fig. 21, a fraction of the ionospheric
current carried by the two electrojets flows outward along field lines
originating in this discontinuity.

Many phenomena are associated with the Harang discontinuity as
reviewed by Maynard (1974). For example, Heppner (1954) noted that
auroral luminosity is brightest on the morning side of the boundary. Also,
auroral forms change across the boundary from homogeneous quiet arcs to
active rayed structures. Davis (1962) found that the motion of auroral
forms is westward to the west of the Harang discontinuity, and eastward
to the east. Westcott et al. (1969) used barium clouds released from rockets
to show that the ionospheric electric field rotates counterclockwise from
northward on the west, through westward in the discontinuity, to south-
ward on the east. Subsequently, spacecraft and ionospheric radar obser-
vations confirmed the rocket data showing that the Harang discontinuity
is also an electric field discontinuity (Cauffman and Gurnett, 1972; Banks
et al., 1973).

Recent work indicates that the magnetic and electric discontinuity are not
colocated. Kamide and Vickerey (1983) found that the electric discontinuity
is located about 2° north of the magnetic discontinuity. Because the
location of the magnetic discontinuity measured on the ground is influ-
enced by field-aligned currents, and by the relative strength of the easiward
and electrojets, Kamide and Vickerey argued that the ¢lectric discontinuity
measured in the ionosphere is more fundamental. Kunkel et af. (1986) have
confirmed the existence of the offset between the two discontinuities in a
study using simultaneous data from the two-dimensional STARE radar and
SMA ground magnetometer array. They find that the separation is about
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16h

>
MODEL “A”:; MODIFIED WITH COROTATION POTENTIAL

Figure 48. An empirical model of the ionospheric potential field derived from low-
altitude satellite data (Heppner, 1977). The Harang discontinuity is shown by a
sharp kink in equipotentials beginning at midnight and moving to higher latitudes
at earlier local times.

which is topologically more realistic. First we point out that the Harang
discontinuity is primarily east—west and therefore represents a shear in
azimuthal drift velocity. With this in mind we take the Maynard mapping
of the Harang discontinuity to the equatorial plane and consider how the
Heppner models of ionospheric flow are projected. The top panel of
Fig. 50 is a tracing of the model presented in Fig. 48. Two lines have been
added to the original diagram. The line of dots signifies the stagnation line
separating polar-cap flow lines closing on the dawn side from flow lines
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Figure 49, The equatorial trace within the magnetosphere of the Harang discon-
tinuity and inner boundary of convection as projected from ionospheric electric
field observations to the magnetosphere using the Mead—Fairfield magnetic field
model (Maynard, 1974).

closing on the dusk side. A dashed line connects the Harang discontinuity
to the dusk velocity shear. The bottom panel of the figure is a reproduction
of the Maynard mapping of the Harang discontinuity to the equatorial
plane during disturbed conditions. We have added our assumed projection
of the stagnation line which meets the Harang discontinuity at the inner
convection boundary. Superposed on this diagram are magnetospheric flow
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Figure 52. An alternative mapping of the Harang discontinuity into the high-
latitude dusk meridian velocity shear which seems more consistent with the defini-
tion of the Harang discontinuity.

across the Harang discontinuity where it meets the centre of the velocity
shear. Thus we expect there would be little evidence of this change when
projected to the ionosphere. However, closer to the Earth the change in vel-
ocity becomes larger and larger, exceeding 90° at the inner edge of the dis-
continuity. Projected effects should be very large here as is observed. An
examination of Heppner’s diagrams suggests that few changes would be
needed to correspond to our suggestion. We note that it is unlikely that the
highly variable ionospheric electric field has been measured with sufficient
precision to detect the difference between the two mappings.

4 MODELS OF MAGNETOSPHERIC SUBSTORMS
4.1 Overview

Since the existence of magnetospheric substorms was first recognized there
have been numerous attempts to explain what causes them. Most explana-
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tions have invoked magnetic reconnection in some way to explain the
dependence of geomagnetic activity on the orientation of the IMF.
Recently four different models have been proposed to explain at least some
of the observations. These include the ‘driven model’, the ‘near-Earth
neutral line (NENL) model’, the ‘plasma sheet boundary layer (PSBL)
dynamics model’, and the ‘thermal catastrophe model’, The model which
has received the most atiention is the NENL model. As an advocate of this
model we will devote most of the remainder of this chapter to its descrip-
tion. We are aware of its controversial nature, and the fact that it does not
yet explain all of the observations. Many of the questions which it does not
yet answer are summarized in a final section. We are confident that exten-
sions of the model will eventually answer these questions. Immediately
below we present a brief overview of each of the models highlighting the
major assumptions of each model.

4.2 The driven model

The driven model of substorms was introduced by Akasofu (1979a,b} to
explain the apparent close relationship between the AE index and the
interplanetary energy input parameter ‘epsilon’. The epsilon parameter is
defined (Perreault and Akasofu, 1978) as = /¢B? sin *(8/2). Here V is the
speed of the solar wind, B is the magnitude of its magnetic field, # is the
clock angle of the IMF around the Earth—Sun line, and i2 is a constant pro-
portional to the area on the dayside magnetopause through which magnetic
energy is input to the magnetosphere. The logic which led to this definition
is the following. Geomagnetic activity is controlled by the strength and
orientation of the solar-wind magnetic field. The activity must somehow be
proportional to the flux of magnetic energy incident on the magnetopause.
It is also controlled (gated) by a strong angular dependence such that there
is little activity for northward IMF. However, some activity does occur
during northward IMF, so therefore the gating function must never be
exactly zero. The function sin?(8/2) has this property, and yet is a fairly
strong function of clock angle. The constant i} was originally set by
equating the estimated rate of energy dissipation in the ring current and
auroral ovals to the quantity &,

Implicit in the definition of the e¢nergy parameter € was the idea that a
solar-wind dynamo drives electrical currents in the magnetosphere and
ionosphere. The driven model assumes that reconnection occurs, or at least
once occurred on the day side, opening the magnetic field lines of the polar
cap to the solar wind. Once this happened, motion of the solar wind across
the open field lines of the Earth acts as a generator producing a voltage that
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Figure 54. An equatorial cross-section of the magnetosphere showing the mapping
of ionospheric regions into the equatorial plane. These lines show the Region 1-2
field-aligned current system.

CPS just earthward of the electric field transitions. However, according to
Rostoker and Eastman (1987), ‘...bps and PSBL particles are found on
common field lines which, further downtail, are seen to populate the vel-
ocity shear zone between the LLBL and the CPS’. This scems to imply that
the line representing the electric field transition in Fig. 54 is actually of wide
areal extent. If this inference is correct, then it is not clear what physical
process creates the boundary between the CPS and BPS. However, the
authors note that ‘during the process of entrainment (of LLBL plasma in
CPS), parallel electric fields accelerate the low-energy LLBL electrons to
CPS energy levels’. Where along the field lines, and why this acceleration
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occurs is not specified. However, we note that DeCoster and Frank (1979)
originally explained the distribution function for ions in the PSBL by par-
allel electric fieid acceleration in the distant tail. Cowley (1980) has pointed
out that the Speiser mechanism will produce such a distribution provided
there is some pitch angle scattering of the particles ejected from the current
sheet. Presumably the earthward edge of the region of particle acceleration
is the beginning of the CPS.

In the PSBL dynamics model, the high-latitude, Region 1 field-aligned
currents are assumed to map to the velocity shear zones between the CPS
and LLBL. On the dawn side the electric field diverges from this shear zone
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Figure 55. An cquatorial view showing the mapping of K—H waves into the
Harang discontinuity and drifting omega bands.
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682 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

Magnetospheric
Boundary

Magnetospheric
Boundary

Figure 56. The configuration of field-aligned currents in the PSBL. Top panel
shows the driven system and the bottom panel shows the unloading system.

4.4.3 Comments on the PSBL dynamics model

Advocates of the PSBL dynamics model claim that their model accounts
for fundamental features of the magnetospheric substorm which the NENL
model does not. For example, Rostoker and Eastman (1987) state *...we do
claim our framework to be superior in several respects’. These include:

(1) The PSBL dynamics model recognizes that the plasma sheet is made
up of two distinct regions, the PSBL and the CPS. In the NENL
model ‘...those differences seem much less relevant’.
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(2) The PSBL dynamics model deals with the ramifications of field-
aligned current (FAC) flowing out of the westward-travelling surge,
while the NENL model ‘...does not call on substorm FAC to
produce any observable perturbations in the magnetotail magnetic
field’.

(3) In the PSBL dynamics model the unloading system of FAC
represents a perturbation of the driven system in the region of the
Harang discontinuity. In contrast the NENL model ‘...does not
take account of this important phenomenological feature’.

Also, according to these authors the NENL model has two major draw-
backs:

(1) ‘Signatures used to identify one’s position with respect to the NENL
do not seem to be repeatable’.

(2) ‘The NENL model provides an explanation only for the
loading~unloading component of substorm activity’.

First we do not believe that the drawbacks of the NENL model actually
exist. The NENL model is primarily a phenomenological model developed
from numerous studies of the plasma and magnetic field within the tail. It
would not have been possible to develop this model if the phenomena did
not occur with some regularity. In fact, the model explains a lack of regu-
larity as the consequence of variations in the azimuthal and radial location
at which the localized neutral line forms. However, another factor which
contributes to an apparent lack of regularity is not properly appreciated.
Space observations of substorms are necessarily made along satellite trajec-
tories. These trajectories are such that outbound and inbound passes accur
at quite different latitudes and local times. Furthermore, successive passes
are not slightly displaced replicas of each other. Because the orbital period
of the spacecraft is some non-integer multiple of the Earth’s rotation
period, the magnetic field configuration on successive orbits is quite dif-
ferent. For example, on the ISEE spacecraft the orientation of the Earth’s
dipole is approximately the same every fifth orbit. This time corresponds
to approximately 2 weeks or 15° in local time. The localization of
substorms phenomena in the tail is sufficient that nearly every orbit in a
given year represents a unigue path through the substorm disturbance.

The second drawback of the NENL model listed by the PSBL dynamics
model advocates appears to be a misunderstanding of the model. In the
NENL model the growth phase of a substorm is a manifestation of the
driven system. Furthermore, it is the growth phase that establishes condi-
tions that lead to the formation of the near-Earth x-line. As summarized
in the following section, dayside reconnection combined with the viscous
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686 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

(5) The model provides no explanation for the observed thinning of the
plasma sheet. Since it attributes thinning to a growth phase effect
of the IMF it should not be correlated with expansion onset as
observed.

(6) The model provides no explanation for thickening of the plasma
sheet in substorm recovery phase.

(7) Because plasma energization and injection occurs at the distant
neutral line it does not account for the injection of plasma at
synchronous orbit immediately after expansion onset.

(8) The model connects the equatorward edge of the Harang discon-
tinuity to the last closed field line connected to the distant neutral
line. This is physically implausible.

4.5 Summary of the near-Earth neutral line (NENL) model

4.5.1 Reconnection of the dayside magnetic field

Studies of solar-wind coupling have consistently shown that substorms
oceur when the interplanetary magnetic field is antiparallel to the Earth’s
field near the subsolar point (see papers in book edited by Kamide and
Slavin, 1986). Only one physical mechanism is known which accounts for
this relation—magnetic reconnection. Reconnection occurs in collisionless
plasmas wherever oppositely directed fields are driven together and the
infinite conductivity approximation of MHD breaks down (Cowley, 1985).
This can happen as a tesult of ‘anomalous resistivity’ produced by wave
turbulence or as a result of finite gyroradius effects in regions of strong
field gradients (Vasyliunas, 1975). Whatever the underlying process a small
region develops in the interface between the oppositely magnetized plasmas
that allows their magnetic fields to diffuse into each other. The importance
of reconnection to substorms is severalfold. First, it provides a mechanism
for introducing the solar-wind electric field into the tail lobes and the polar
caps. The momentum transfer caused by this electric field drives the
internal convection system that transports plasma and magnetic flux
through the magnetosphere and creates the extended tail. Second, it
simplifies the entry of solar wind particle into the magnetic field of the
Earth. These particles provide a substantial fraction of the magnetospheric
plasma. Third, it creates topologically distinct regions of the magnetic field
within which the total magnetic flux is constantly changing. Magnetic flux
transported from the day side to the tail lobes provides a reservoir in which
energy extracted from the solar wind can be stored for short intervals of
time.
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There is evidence that steady state reconnection of the type illustrated in
Figs 28 and 37 occurs infrequently (Sonnerup efal., 1981; Sonnerup,
1984). More typically as shown in Fig. 29, localized, transient reconnection
called flux transfer events (FTE) transports small bundles of flux from the
day to night side (Russell and Elphic, 1978; Cowley, 1982a,b; Sonnerup,
1984; Baumjohann and Haerendel, 1987; Elphic, 1990). As demonstrated
by Berchem and Russell (1984), these events only occur when the mag-
netosheath magnetic field is southward. The frequency of occurrence and
typical size are sufficient to create an average effect as large as is typically
observed in polar-cap electric fields (Cowley, 1985).

Many studies (Kamide and Slavin, 1986) of the relation between the solar
wind magnetic field and substorm and storm activity have established that
the magnetopause acts as a rectifier of the solar wind electric field (e.g.
Burton et al., 1975). Only when this field points from dawn to dusk, i.e.
when the IMF is antiparallel to the Earth’s magnetic field, does magnetic
activity occur. This activity is typically delayed by about an hour after a
southward turning of the IMF. A system analysis using linear prediction
filters shows that isolated substorms are characterized by a bimaodal
response function (Clauer ef al., 1981; Bargatze et af., 1985; McPherron
et al., 1988). This result implies that there are two components to magnetic
activity. One which responds rapidly to the solar wind within about 20 min
and is apparently directly driven by the solar wind (Akasofu, 1981a,b).
Another which is delayed about an hour and represents the unloading of
stored engrgy (Baker ef al., 1984; Baumjohann, 1986b).

4.5.2 Erosion of the magnetopause

For reconnection to occur at the subsolar point magnetic flux must flow
towards the x-line from both sides of the magnetopause. Within the
magnetosphere the rate at which this can happen is controlled by the
ionospheric conductivity at the feet of the magnetospheric field lines
(Coroniti and Kennel, 1973). Initially magnetospheric field lines bulge out-
ward, trying to flow towards the x-line, This produces a kink in the field
lines which propagates to the ionosphere as an Alfvén wave (Southwood,
1987). Accompanying this wave is a field-aligned current that closes
through the ionosphere. The interaction of this current with the
ionospheric magnetic field produces a force that accelerates the ionospheric
plasma poleward. The final velocity of this plasma is determined by an
opposing force produced by collisions of drifting ions with neutral particles
in the ionosphere. The geometry of this current is illustrated in Fig. 57. Its
sense is that obtained by diverting a fraction of the dawn-to-dusk magneto-
pause current normally flowing through the subsolar region along field
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Magnetosheath
| ™

x—line

To Polar Cap

Figure 58. Configuration of reconnected field lines as they pass through the polar
cusp. Open field lines passing through the magnetopause current sheet create a force
which retards the solar-wind flow, and apply its electric field to the polar cap.

with the ficlds on the two sides, making an acute angle with each other. As
this segment passes through the polar cusp the kink opens and tailward of
the poles it makes an obtuse angle through the boundary. .,E._m component
of magnetic field which points through the magnetotail current sheet
produces a retarding force on the solar wind and transfers momentum to
field lines within the magnetosphere (see insert). .
According to MHD a moving plasma polarizes producing an electric field
E = v x B observable in a frame at rest relative to the plasma. _uﬁ.:. the con-
figuration shown in Fig. 58 the magnetosheath electric 32&. is a:nﬂma out
of the plane of the diagram, as shown in the inset. Magnetic field lines are
virtually perfect conductors so this electric field is transmitted 53.:.@: the
magnetopause along field lines to the ionosphere. Since by definition all
open field lines map to the polar cap this electric field appears as an .mmm?
ward or dawn-to-dusk polar-cap potential drop. The expected Emms_.n:n_o
of the polar-cap electric field depends on a number of theoretical oon.maon-
ations based on reconnection theory. Generally speaking, a faster wind, a
stronger IMF and a more southerly orientation should produce a stronger

potential.
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Reiff et al. (1981) have tested linear relations between hourly averages of
various solar-wind coupling parameters and satellite observations of polar
cap potential drops. Their resufts show that there is a high degree of
correlation between parameters suggested by reconnection theory and the
polar-cap potential. The highest empirical correlations are produced by the
rectified solar-wind electric field (r ~ 0.81), and the Perreault and Akasofu
(1978) epsilon parameter (r ~ 0.89). However, to obtain good correlations
it was necessary to amplify and limit the magnetosheath field to a value
given by « = (7B f60) nT < 1. The factor 7B, is a consequence of bow-
shock compression of the solar wind IMF followed by depletion of plasma
from field lines stagnating near the subsolar point. The factor 60 comes
from the requirement that the external magnetic field cannot exceed the
internal field and maintain pressure balance at the magnetopause. Wygant
et al. (1983) have made an independent assessment of these relations and
while confirming that the correlations are consistent with reconnection,
obtain somewhat different results. They conclude first that parameters with
electric field dimensionality show the best relation to the IMF, Second they
find that the polar-cap potential depends on the solar wind for at least 4 h
before a measurement. Finally, they conclude that 100% of the southward
flux incident on a 30 R. magnetopause reconnects until the polar-cap
potential saturates at about 100 keV. Both authors find a residual potential
not related to the IMF, For Reiff et al. (1981) this value was about 35 keV.
Wygant e/ al. (1983) argue that much of this residual is a consequence of
not accounting for the decay of the potential from previous hours. They
estimate the value to be less than 20 keV. Both studies support the view that
the composite magnetosphere is driven by a combination of reconnection
and viscous interaction as presented in earlier sections.

4.5.4 Accumulation of flux in the magnetotail lobes

Information about the start of dayside reconnection will be transported
aleng the magnetotail boundary with the velocity of the magnetosheath
plasma. Tailward of the Earth this is nearly the solar-wind velocity. Thus
the kink associated with the first reconnected field line in a new episode of
southward IMF will reach the location of the distant neutral line at 120 R.
in about 30 min. However, from the argument in the preceding section a
fraction of the solar-wind electric field is present across the polar cap and
hence the tail lobes. This causes field lines to drift across the lobes towards
the neutral sheet. In the absence of any other effects it would take them
about 1.5-2.0 h to reach the neutral sheet.

Coupling studies mentioned above indicate that rapid reconnection does
not begin in the tail for about an hour after the IMF turns southward. At
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694 7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

demonstrate that the radius of the tail increases by as much as 2—4 R,
during substorm growth phasz.

Ground observations provide additional evidence that the amount of
open flux increases during substorms. For example, the well-known
increase in size of the auroral oval at higher levels of activity (Feldstein and
Starkov, 1967) supports this idea if it is assumed that field lines poleward
of the oval are open. Meng (1979) has reviewed a variety of ground obser-
vations which show that this increase is caused by a southward IMF.
Dynamical studies exhibit the same pattern seen in the tail. The oval
expands in the growth phase after a southward turning, and decreases in
the expansion phase. Frank and Craven (1988) illustrate this beautifully
{their Fig. 21) using auroral images from the DE-1 spacecraft.

4.5.5 FEarthward movement of the tail current

Once reconnection has begun there is a normal component of magnetic
field through the magnetotail boundary. The interaction of this field with
the tail current produces a force retarding the solar wind. By Newton’s law
the solar wind exerts an equal and opposite force on the tail boundary. This
force provides the ‘tangential drag” by which the solar wind pulls the dipole
field antisunward creating the tail. Integrated over the entire boundary of
the magnetotail this force of the solar wind is substantial and must be
balanced by an equal and opposite force of the Earth on the magnetotail.
As shown by Siscoe (1966} this force F is created by the interaction of the
Earth’s dipole moment g with the fringing field B, of the earthward edge
of the tajl current system according to the relation F= V (u- B:). Since the
dipole moment g is constant the field gradient at the Earth must change.
This is accomplished by the tail current moving closer to the Earth. As
discussed earlier this motion is a natural consequence of particle drift in an
enhanced conveciion electric field.

Data that most clearly illustrate this process are provided by synchronous
spacecraft. During the growth phase of a substorm a synchronous space-
craft in the magnetic equatorial plane observes a continuous decrease in
the magnetic field magnitude and z component (parallel to dipole axis)
(McPherron and Coleman, 1969). Spacecraft at higher synchronous lati-
tudes usually observe an increase in magnitude as in the lobes, and also an
increasing inclination toward more tail-like field (Coleman and
McPherron, 1976; Kokubun and McPherron, 1981). Synchronous particle
data respond to these field changes with pitch angle distributions becoming
increasingly peaked parallel to the field during the growth phase (Baker
ei al., 1978; Baker, 1984), Often, just before expansion onset the fluxes of
energetic electrons completely disappear as if the spacecraft had passed into
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the tail lobes (Baker and McPherron, 1990). Kauffman (1987) has pointed
out that the tail-like fields observed during the growth phase require intense
equatorial sheets of current immediately outside” synchronous orbit.
Tsyganenko (1989) suggests this sheet is a consequence of the inductive
electric field produced by loading flux into the tail lobes.

4.5.6 Thinning of the near-Earth current sheet

Coincident with the earthward motion of the tail current is a thinning of
the current sheet. At least two factors contribute to this thinning. The first
is increased magnetic pressure in the tail lobes resulting from flux storage.
The second is loss of magnetic flux from the central plasma sheet to the
return flow created by dayside reconnection. As plasma and flux are
withdrawn from the nightside plasma sheet the normal component of mag-
netic field crossing the sheet decreases and the shect thins. Simultaneously,
the total current carried by the sheet is increasing as required by the
increasing lobe field strength. Figure 59 shows these changes schematically
as changes in the spatial locations of various nightside boundaries.

While there is experimental evidence for growth phase thinning of the
tail current sheet (McPherron ef al., 1987), it is less clear how much the
thickness of the plasma sheet decreases. Data show that fluxes of energetic
particles (E > 30 keV) decrease as the structure of the plasma sheet mag-
netic field changes (Walker et al., 1976; Pytte ef al., 1976). However, the
dimensions of the region occupied by plasma (E ~ 1 keV) may remain
relatively constant while the change in magnetic field structure alters the
drifts of particles such that the current density increases most rapidly at the
centre of the plasma sheet. Such a change would in effect move a spacecraft
from the CPS to the PSBL. Since the magnetic field in the boundary layer
is very nearly the same as in the lobe a magnetometer would observe an
apparent thinning of the plasma sheet.

4.5.7 Enhancement of convection

The first effect of dayside reconnection is to start ionospheric plasma
fiowing towards the night side, adding newly opened magnetic flux to the
polar cap. As the flux is added to the top of the lobes it creates a magnetic
pressure gradient that forces a flow across the lobes. The solar-wind electric
field is mapped along open field lines to the polar cap. Here it drives a
Pedersen current that diverges along field lines in the regions of the dawn
and dusk velocity shears. This current continuously forces the plasma to
drift against the counteracting force of collisions with neutrals. Within a
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to the convection electric field and nearly cancels it inside the
plasmasphere. However, the enhancement of convection penetrates the
region interior to the new cold plasma separatrix distorting the closed drift
paths within. With time, particles drift inward from the tail re-establishing
the polarization and shielding. While this is in progress a fraction of the
convection electric field is present inside the plasmasphere and ionospheric
drifts are substantially different from those of quiet times.

4.5.8 Increase in field-aligned currents

An enhancement of convection increases the strength of field-aligned cur-
rents. Both the Region 1 and Region 2 systems discussed in §3.1.3 become
stronger in response to the increased electric field. The reason for this is
current continuity. Ohm’s law requires that an increase in ionospheric elec-
tric field produce an increase in current. However, wherever there is a
divergence in the ionospheric electric field, or a gradient in electrical con-
ductivity the ionospheric current must diverge along field lines. Since the
ionospheric current increases the field-aligned currents must also increase.

These increases are well documented by polar-orbiting spacecraft. Iijima
and Potemra (1976) show statistically that the Region 1-2 currenis are
present for all levels of activity. Both currents increase almost linearly with
increasing magnetic activity. Region 1 currents arc strongest on the day
side, while Region 2 currents are strongest on the night side. Total inte-
grated current strengths are of order 2 x 10° A for moderate activity.
lijima and Potemra (1978) show that as activity increases the location of
the Region 1-2 currents expands equatorward with the aurora oval,
widening and growing in strength.

A second reason for the increase in field-aligned currents is an increase
in ionospheric conductivity with activity (Spiro,_ef al., 1982; Hardy et al.,
1987). For a constant convection electric field an increase in conductivity
will produce a larger current, which when it diverges, increases the field-
aligned currents. The increase in conductivity is a consequence of inward
motion of the tail current. The diffuse aurora and the corresponding
ionization are produced by particle precipitation from the central plasma
sheet. As the tail current moves closer to the Earth to balance solar-wind
drag the precipitation rate increases (Southwood and Wolf, 1978). This is
a result of several factors. First, more particles are Jost because their loss
cone increases as the ratio of equatorial to ionospheric magnetic field
increases. Second, the length of field lines become shorter allowing par-
ticles on them to reach the ionosphere sooner. Third, and somewhat less
cettain, particles are more frequently scattered by enhanced wave-particle
interactions, or scattered by the sharp bend in the growing tail-like
magnetic field,
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4.5.9 Increase in ionospheric currents

The increases in ionospheric electric field and conductivity enhance the
jonospheric Pedersen and Hall currents. Magnetic perturbations from these
currents are recorded on the ground, and are in fact, a primary tool for
deducing convection patterns as discussed above. Improvements in
techniques for inverting these data are producing ever increasing resolution
of the details of magnetospheric convection. A recent example of such
improvements is the AMIE {Assimilative Mapping of Tonopheric Electro-
dynamics) technique developed by Richmond and Kamide (1988) and
applied to a substorm during a moderate magnetic storm by Knipp ef al.
(1989). As noted by Knipp efal. the instantancous patterns can differ
substantiaily from the average patterns obtained with radars or satellites.

The enhancement of the twin vortex current system is responsible for the
magnetic perturbations of the substorm growth phase (McPherron, 1970}.
It also produces the initial departure of the AU and AL indices from their
quiet backgrounds. Allen and Kroehl (1975) have shown that the stations
which most frequently contribute to the AU and AL indices are respect-
ively located at 1730 and 0315 MLT. These times are a consequence of the
twin vortex system having maximum eastward and westward current
densities at these locations. Today this current system is usually referred to
as the ‘convection electrojet’.

4.5.10 Reconnection in the central plasma sheet (CPS)

The close relation between the orientation of the IMF and a variety of
magnetospheric phenomena related to geomagnetic activity is the primary
reason for asserting that magnetic reconnection occurs on the dayside
magnetopause. If it occurs on the day side then it must also occur on the
night side. If not, there would be a flux catastrophe in which either all the
magnetic flux on the day side would be transported to the magnetotail, or
more likely, all closed flux in the plasma sheet would flow to the day side
to be reconnected and transported to the tail. Various models of substorms
differ in where they place nightside reconnection. The NENL model
assumes it begins within 20—30 R. of the Earth, sometimes as close as 10 R,
(McPherron et al., 1973; Russell and McPherron, 1973; Hones ef al., 1973;
Nishida and Nagayama, 1973). It is this assumption that gives the model
its name. The model also assumes that when reconnection begins there is
a second, inactive neutral line at distances greater than 100 R. as illustrated
in Fig. 61.

The simultaneous presence of two neutral lines in the tail imposes
topological constraints on the reconnection process. One of these is the
requirement that near-Earth reconnection begin on closed field lines
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Plasmoid

Figure 62. A schematic illustration of the loss of a large-scale EmmBoE. during the
expansion phase. Tension of IMF field lines around the bubble pull it from the

centre of the tail.

plasmoid. Tension in these field lines accelerates the plasmoid away from
the earth as they begin to straighten. Also the normal pressure gradient in
the pre-existing plasma sheet, and the ram pressure of plasma ejected from
NENL provide additional forces on the plasmoid.

As the plasmoid leaves the near-Earth region it takes with it the plasma
and magnetic field of the original plasma sheet. Thus, earthward of the
retreating plasmoid the plasma sheet collapses into a very thin current sheet
separating the reconnecting fields of the north and south tail lobes. The
x-line, however, remains close to the Barth, reconnecting the magnetic flux
stored in the tail lobes. As reconnection continues, open field lines of the
lobe are converted to closed field lines earthward of the x-line, and to open
field lines tailward of it. If the IMF remains southward so that reconnection
continues on the day side, the reconnected flux will flow around the Earth.
Otherwise, it is added to the night side of the magnetosphere, eventually
forcing the nightside x-line to retreat down the tail.

The NENL model is primarily based on observations taken immediately
after expansion onset. If a spacecraft is in the tail lobe the field magnitude
suddenly stops increasing and begins to decrease. Often, the slope of the
vertical component changes as well (McPherron ef al., 1973; Nishida and
Nagayama, 1973). Before onset B; usually decreases throughout the growth
phase, indicating increasing flaring of the magnetopause as erosion adds
dayside flux to the tail lobes (Fairfield, 1985). After onset, reconnection at
the NENL converts the open flux of the lobes to closed field lines, returning
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them to the day side. This decreases the total flux in the lobe and changes
both the magnitude and slope of the lobe field.

If the spacecraft is initially inside the plasma sheet, but near the edge,
the behaviour is quite different. The field magnitude will suddenly increase
from weak and turbulent to strong and steady values. Often there will be
substantial azimuthal B, perturbations suggestive of field-aligned currents
(Aubry ef al., 1972; Fairfield, 1973; Elphic er al., 1985; Ohtani ef al.,
1988). The vertical component B; frequently decreases, indicating the mag-
netic ficld has rotated slightly due to a thicker plasma sheet tailward of the
spacecraft (Pytte ef af., 1976). Plasma observations show that the changes
in magnetic field are caused by a sudden disappearance or thinning of the
plasma sheet (Hones et al., 1971; Hones and Schindler, 1979). Usually,
there is a brief burst of tailward-flowing plasma as the ¢dge of the thinning
plasma sheet passes over the spacecraft (Hones and Schindler, 1979).
QOccasionally the boundary of the plasma sheet moves temporarily over the
spacecraft, revealing that a thin residual plasma sheet remains and that it
still contains tailward-flowing plasma (Hones ef al., 1986).

In the less frequent event that the spacecraft is located near the CPS at
expansion onset, there is additional evidence that a neutral line forms
carthward of the spacecraft. An example is the substorm studied during the
sixth Coordinated Data Analysis Workshop (CDAW-6) (McPherron and
Manka, 1985). Effects of a substorm expansion were observed at 13 Re,
4 min after onset, and 1 min after the neutral sheet crossed upward over
one of two ISEE spacecraft. A transient burst of high-speed tailward fiow
(~500 kms™") was accompanied by a strong southward magnetic field
(B; < —50nT) (Paschmann et al., 1985). Both the plasma and magnetic
data show that the spacecraft was very close to the ncutral sheet at this
time. The second ISEE spacecraft was somewhat tailward and higher, and
observed a weaker magnetic effect after a delay consistent with the
measured plasma velocity. Lin ef al. (1990) have done a detailed study of
this event and show that the magnetic changes at the two spacecraft are
consistent with a ‘mini-plasmoid’ moving tailward. A similar structure with
comparable dimensions (3 R, long and 1 R. high) was seen a few minutes
later. Subsequently, a very thin current sheet of thickness less than 1000 km
apparently remained stable as it moved upward, crossing the second space-
craft 8 min later. For 24 min after the expansion onset both spacecraft were
embedded in a weak tailward-flowing plasma with characteristics similar to
that of the PSBL. Lin et al. (1990) demonstrate that energetic electrons and
protons continuously streamed tailward throughout this interval.

The CDAW-6 event is not an example of a large-scale plasmoid of the
type pictured in Fig. 62. Instead it is interpreted as small-scale structure in
the current sheet earthward of the retreating plasmoid. The size of the irue
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Electrojet Field Near
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Figure 64. The diversion of the tail current through the ionosphere during the
substorm expansion phase.

momentum required to start the return of plasma along the auroral oval to
the day side.

The existence of this current system seems to be related to the finite azi-
muthal extent of the near-Earth x-line. Figure 65 presents an equatorial
view of the magneotail during the growth phase depicted earlier in Fig. 59.
The figure indicates that an x-line of finite length requires a connected
o-type neutral line. Creation of this pair of separator lines requires a
diversion of the tail current away from the region where the field lines dis-
connected by reconnection close downward through the current sheet. If
the diversion occurs in the equatorial plane it might explain both the o-line
(which requires enhanced current), and the earthward extension of the tail
current in the equatorial plane (Baker and McPherron, 1990). If the diver-
sion is along field lines it can account for the substorm current wedge.

This can be understood in the following way. At the end of the growth
phase, prior to the formation of the x-line, the tail magnetic field consists
of two regions of antiparailel magnetic field separated by a thin current
sheet as depicted in Kig. 66a. To a first approximation this can be modelled
by an infinite uniform sheet current. To produce an x-line field geometry,
the total current across the sheet in the region of the x-line must be
reduced. One way of doing this is to add an oppositely directed line current
as shown in Fig. 66b. The reduction in total cross-tail current causes the
ficld lines to bulge towards the neutral sheet, producing an x-type con-
figuration. If we require that the x-type field configuration have finite
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azimuthal extent, then we must terminate the opposing line current in some
manner. This can be accomplished by introducing field-aligned currents at
the ends of the line current and closing them in the Earth’s ionosphere as
illustrated in Fig. 66c.

Although the existence of a wedge-like current was suspected for some
time, ground data alone were insufficient to determine its magnetospheric
closure. However, when synchronous spacecraft reported observations of
the same magnetic perturbations as recorded at mid-latitude ground
observatories it became clear that the currents flow on field lines above the
spacecraft (McPherron, 1972; McPherron ef al., 1973a). The first obser-
vations of this current system were made by ATS-1 in the magnetic equa-
torial plane. Subsequent observations above the equator by ATS-6 clearly
confirmed the initial interpretation (McPherron ef al., 1975; McPherron
and Barfield, 1980; Kokubun and McPherron, 1981),

The pattern of ground magnetic perturbations produced by the substorm
current wedge was discussed in §2.4.2, and illustrated in Fig. 9. This
pattern of magnetic perturbations is a persistent feature of isolated
substorms, and is often seen during major substorms in highly disturbed

madmnoﬂs ‘Tail Current

urren

. Wedge . ﬂl \ )
T X-line O-line

\\.\\ Illd /

’ \ e u e m————

//..:---\\\ AB > 0 y AB < 0 %mgp
\ Sheet
Thinning
Synchronous
Synet Channel

Figure 65. A schematic illustration of the formation of a connected pair of x- and
o-type neutral lines in the CPS through current diversion. Dashed lines are the
channel within which the plasma sheet collapses during loss of the plasmoid.
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Ground stations are sensitive only to the location of the central moments
of these two current distributions. To explain the observations a ground
station in the satellite meridian must always be west of the central meridian
of the net current system, Nagai suggests this could happen if the outward
current is stronger that the inward current sheet moving the central meri-
dian on the ground east of the geometric centre of the current wedge.

Additional evidence supporting the proposed wedge-current system can
be found in the analysis of the CDAW-6 substorm by Clauer and Kamide
(1985). In their study of the different time developments of the DP1 and
DP2 current system they calculated ficld-aligned current patterns at expan-
sion onset. The calculated currents had ecxactly the form described by
Nagai. Incidentally, Barfield ef al. (1985) noted that the synchronous D
perturbations at the same time were consistent with moving though a field-
aligned current sheet to a region of negative D perturbation. Hughes and
Singer (1985) studied an isolated Pi 2 burst which occurred several hours
earlier than the CDAW-6 substorm and also noted this pattern.

Pi 2 pulsation data obtained with the AFGL mid-latitude magnetometer
chain has been used in conjunction with synchronous magnetometer data
to study the development of the current wedge (Lester ef al., 1984; Hughes
and Singer, 1985; Gelpi et al., 1985, 1987). For simple substorm onsets, Pi 2
polarization azimuths define the same central meridian as do the ground
D perturbations. Later intensifications identified by additional Pi 2 bursts
may have different central meridians indicating that new current systems
are being added to the initial system. There appears to be no consistent
pattern defining where the subsequent intensifications are centred. The data
show the substorm current wedge is asymmetric with the upward current
being more localized than the downward current. The upward current
appears to flow directly out of the westward travelling surge.

The foregoing reports demonstrate that the current wedge becomes
observable only after the onset of the substorm expansion phase. As dis-
cussed above this is the time that the last closed field lines are severed and
the plasmoid begins down the tail. We noted, however, that formation of
the plasmoid initially requires reconnection of field lines that close across
the neutral sheet. Only if this happens will a plasmoid consisting of closed
magnetic loops be formed. We are forced to one of two conclusions. One
possibility is that the formation of the loops of the plasmoid happens so
rapidly that the details can not be resolved within the accuracy of present
determinations of expansion onset. Another possibility is that the initial
diversion of current that creates the connected x-line and o-line occurs only
in the plane of the neutral sheet. That is, the diversion is some combination
of earthward and tailward meanders similar to those suggested in Fig. 65.
In the latter case one would expect distinct patterns in the B, component
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of the plasma sheet field which might reveal the existence of these
meanders.

In the NENL model, expansion onset occurs when the last closed field
lines at the edge of the plasma sheet are cut and the plasmoid is released.
When this happens there is a sudden change in geometry of the neutral line
that separates the solar wind and Earth’s magnetic fields, In Fig. 29
(§3.2.1) this line was pictured as an ellipse in the equatorial plane. Results
from ISEE-3 suggest that the cross-tail segment of the neutral line is a par-
abola concave away from the Earth as illustrated in Fig. 39. At plasmoid
release the localized near-Earth x-line is connected to the distant x-line by
the field lines that originally defined the boundary of the plasma sheet. This
connection is schematically illustrated by dashed lines paraliel to the central
axis of the plasma sheet in Fig. 65. As the plasmoid retreats from the
Earth it leaves behind a channel across which the magnetic field points
southward. On either side, plasma sheet field lines point northward. The
extended x-type neutral line separates these regions which are part of the
earth’s field from the central channel which now consists of IMF. The
plasma sheet thinning studies show that the plasma and current sheets
within this channel are very thin, while on either side the plasma sheet
remains thicker.

Let us suppose that the channel walls created by the retreat of the
plasmoid provide a barrier to the cross-tail current, and that a fraction of
this current is diverted along field lines to the ionosphere. If 10% of a
cross-tail current of typical strength 20 mA m ! is diverted, then more than
80 R. of tail would be required to produce a 105 A current wedge. A
current of this magnitude flowing along the channel walls would constitute
a current wedge of exactly the type described by Rostoker and Eastman
(1987) and discussed in §4.4.2. Its effect would be positive magnetic pertur-
bations along the entire central axis of the tail. Exactly the opposite is seen
both in case histories and statistical studies (Fairfield, 1987). It seems more
likely that most of the current wedge is diverted from the inner
magnetosphere. Diversion from this region explains the ficld perturbations
seen at synchronous orbit reviewed above, and also removes the earthward
extensions of the tail current created in the substorm growth phase. Also,
as noted by Kauffman (1987) the sheet current strength in this region
is more like 200 mA m~! and the entire sheet is destroyed during the
expansion phase.

4.5.14 Current wedge and the Harang discontinuity

An important and valid objection to the NENL model is that it does not
explain how neutral line formation is related to the large-scale current
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Baumjohann et al. (1981) have modelled an auroral break-up using simul-
taneous two-dimensional electric and magnetic field data. Their results
show that the upward current is localized in the westward-traveiling surge
while the downward current is more distributed to the east.

Because of the conductivity contrast at the edges of the channel, the
northward Hall current cannot close through the ionosphere, so field-
aligned sheet currents form at the poleward and equatorward edges of the
channel. These sheets are not able to carry all of the Hall current, so polar-
jzation charges accumulate at the edges of the channel. These charges
produce an equatorward electric field (FE) that drives a secondary
Pedersen current (¥ Jp) southward. This current cancels the fraction of the
north—south Hall current that is unable 1o close through the sheet currents.
It also drives a secondary Hall current (¥ Ju) westward, augmenting the
primary Pedersen current. The total westward current is called a Cowling
current (Coroniti and Kennel, 1972b). Because of the polarization the
total current is much stronger than the Pedersen current alone and creates
an intense magnetic disturbance on the ground. The westward current in
the channel is dissipative since the westward electric field and total current
are parallel (*p + PJ11) -°E > 0. Note, however, that the energy added to
the ionosphere by dissipation of P74 is balanced by energy lost from the
jonosphere in the north—south Hall-current generator e TE<0)
(Rothwell et al., 1989).

The questions which must be answered include: ‘How does the Cowling
channel project into the magnetospheric equatorial plane?; and ‘How is the
channel related to the NENL?® A recent model which suggesis a possible
answer 1o the first question is that of Rothwell ef al. (1989). In their model
the Cowling channel is projected to the near tail as a rectangular block with
its longer dimension east—west across the midnight meridian. The westward
current is assumed 1o be generated by some unspecified magnetospheric
process. They also assume that the current sheets at the poleward and
equatorward edges of the channel are connected in the equatorial plane by
an earthward current sheet flowing across the projected rectangle. This
closure produces a J X B force on magnetospheric plasma which accelerates
it towards dawn,

To complete their model the authors assume that outward field-aligned
currents develop ficld-aligned potential drops with electric fields pointed
away from the ionosphere. These potential structures accelerate ¢lectrons
towards the ionosphere and ions away from it, enhancing the ficld-aligned
currents. The accelerated electrons bombard the ionosphere causing
discrete auroral arcs and regions of enhanced conductivity. Polar-orbiting
spacecraft passing through the structures observe a characteristic increase
in clectron energy followed by a decrease (inverted-V) (Frank and
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Ackerson, 1971). In the Cowling channel, outward field-aligned currents
are located at the western end, and poleward edge of the channel. The west-
ward surge is attributed to luminosity produced by a potential structure in
the return path of the westward current to the tail. Similarly, a bright arc
at the poleward edge of the auroral bulge is produced by a potential
structure in the current sheets, diverting the northward Hall current into
the tail.

The various current segments, electric fields, and Hall and Pedersen con-
ductivities, are linked by highly non-linear relations. For example, the ratio
of Hall and Pedersen conductivities in the ionosphere depends on the
energy of the electrons precipitated by the field-aligned potential structures.
Changes in these parameters alter the currents in the channel. But a change
in conductivity alters the field-aligned closure currents and the polarization
electric fields. This changes the potential structures in a feedback loop
which the authors argue is unstable.

In the model of Rothwell ef al. (1989) it is possible for the field-aligned
potential drop in the poleward current sheet to exceed the potential drop
N-S across the channel due to polarization. When this happens the polar-
ization electric field projected into the tail reverses sign. In the absence of
field-aligned potentials the equatorward ionospheric electric field projects
as an earthward-pointing field. This is in the same direction as the closure
of the Hall-current sheet in the equator, implying that the plasma sheet is
then a load on the ionospheric Hall-current generator (Ju. « Epe > 0). For
an earthward electric field the E x B plasma drift is eastward towards
dawn. Presumably this drift is a consequence of the acceleration due to the
J % B force. On the other hand, if the plasma drift is initially towards dusk,
the projected electric field must be tailward to correspond to the drift.
Then, the plasma sheet is also a generator in the circuit (Jue * Epe < 0). In
this case the eastward acceleration of the J x B force decreases the west-
ward drift velocity. The energy extracted from the east—west flow helps
maintain the field-aligned potential drop.

Rothwell ef al. (1989) do not consider the relation of the Cowling
channel as mapped to the magnetosphere to the mapping of the Harang
discontinuity. In fact the work of Baumjochann et #/. (1981} does not
specify the relation of the east end of the channel to the discontinuity. In
Fig. 67 we assumed the channel runs east—west across the ionospheric flow.
Also the west end of the channel with its outward field-aligned current was
placed in the Harang discontinuity where outward current is already pre-
sent. We do not consider it a coincidence that the outward current of the
wedge is colocated with outward current of the convection electrojets. In
fact, it is possible that an instability of the current flowing outward from
the Harang discontinuity initiates the substorm expansion. Instability leads
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4.5.15 Retreat of the NENL

Eventually, NENL retreats tailward. T he cause of this retreat is not well
understood, but the model suggests it may be a consequence of the inability
of the reconnected magnetic flux to flow earthward from the x-line. For
example, isolated substorms are created by short intervals of southward
IMF. Once the IMF turns northward there is no longer demand for closed
flux on the day side of the magnetosphere. However, there is still flux
stored in the tail lobes waiting to be reconnected. The simplest way to deal
with this situation is for the x-line to move tailward, adding excess flux to
the nightside plasma sheet as it does. This process is the inverse of dayside
erosion and might be called flux accretion. Even if the IMF does not turn
northward there is no reason to assume that the rate of nightside reconnec-
tion exactly balances the return flow to the day side. In such a case the
neutral line may move either earthward or tailward to adjust the rate of
earthward flow of reconnected flux.

Soon after the IMF turns noithward, most auroral zone phenomena
begin to recover. However, there is considerable evidence that activity per-
sists for some time at higher latitudes, In fact it has been suggested (Hones,
1985, 1986), and highly contested (Rostoker, 1986) that there is a sudden
poleward leap of activity. Regardless of how activity spreads to higher
latitudes in the ionosphere it is observed that eventually all ionospheric
phenomena begin to decrease in intensity, and most boundaries tend to
move back to their presubstorm locations. By definition, the end of the
substorm expansion phase occurs when all ionospheric phenomena reach
their maximum poleward extent and begin to decrease in intensity, Some-
what before this time, about when the aurora and electrojets begin to
disappear at lower latitudes, the plasma sheet in the near-Earth region sud-
denly expands and is found to be filled with much hotter plasma. The
NENL model explains this expansion and energization by tailward motion
of an active neutral line. Earthward of the neutral line the plasma is con-
strained by the rate at which it can flow around the Earth. Unable to move
out of the region of the x-line fast enough, the plasma fills and expands the
plasma sheet. Tailward of the neutral line there is an unlimited region for
the plasma to flow into, and the feet of the reconnected field lines are not
connected to the resistive ionosphere which slows the rate of flow away
from the x-line. Consequently, the sheet remains thin. Eventually the x-line
retreats far down the tail to its typical location at 120 R, filling the entire
plasma sheet behind it as it travels.

Once the x-line reaches this location it appears that reconnection ceases
in the plasma sheet. This does not mean that the x-line vanishes, only that
no magnetic flux and plasma flows through the neutral line. Tailward of
this static neutral line the lobe field lines are separated by a current sheet
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across which there is no field line closure. Open field lines remaining in the
lobe remain open and stretch as the IMF discontinuity between southward
and northward IMF travels away from the Earth. As long as the IMF
remains northward there will be no further substorms. However, convec-
tion does not cease. The viscous interaction between the solar wind and
Earth continues to drag closed field lines tailward releasing them to flow
sunward again in the plasma sheet. Low-level currents continue to flow in
the ionosphere as a result of this convection.

5 IMPORTANT QUESTIONS IN SUBSTORM PHYSICS

In preparing this review the author encountered a number of questions he
was unable to answer. Clearly some of these are simply due to a lack of
familiarity with the relevant work. However, in some cases where theory
seems to suggest an answer, the data seem ambiguous or contradictory. For
example, four high-latitude convection cells are expected during northward
IMFE. Some authors claim to have seen them, but others argue that what
actually occurs is a highly distorted two- or three-cell system (Heelis et al.,
1986; Heppner and Maynard, 1987). Is this a consequence of lack of
measurement resolution, not accounting for IMF-B, effects, or is it some
consequence of continuity? Maybe it is simply not possible to make con-
tinuous transitions from two-celled to four-celled convection.

Much of this chapter has been presented as though it was established
fact. In practice there is considerable argument concerning what has
actually been observed. Interpretations are even more controversial than
the facts on which they are based. As an example of questions about a fact
it has been claimed that tailward flows in the near-Earth plasma sheet at
substorm expansion onset reporied by Hones (1979a,b) are not bulk flows,
but are instead accelerated ionospheric ions, or counterstreaming boundary
layer ion beams (Lui ef al., 1983). An example of different interpretations
of the same fact is that negative B; in the plasma sheet are attributed to
fringing fields of a field-aligned current as opposed to evidence for a closed
loop in a plasmoid (Rostoker and Eastman, 1987).

A major problem in substorm research is the absence of global measure-
ments. It is almost always necessary to use statistical procedures to infer
three-dimensional structure from a few point measurements. These tech-
nigues are necessarily model dependent, and there may ke alternative
models that explain the same observations. This is particularly true if one
uses only a subset of the available data. Many models of substorms fail in
that they do not account for important observations. For example, how
does the thermal catastrophe model account for the distant tail obser-
vations made by ISEE-3? Experiments with multiple spacecraft such as the
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7 MAGNETOSPHERIC SUBSTORMS AND MAGNETIC STORMS

How much reconnection occurs across the distant neutral line and
how is this related to substorms?

During northward IMF does reconnection occur beyond the distant
neutral line where antiparallel open field lines are in contact? If so,
why doesn’t the polar cap completely close?

Do closed field lines in the viscous boundary layer get so elongated
that they reconnect?

The plasma sheet

What are the sources and sinks for particles in the plasma sheet?
Does the plasma sheet thin during substorm growth phase?

How does the plasma sheet create the intense earthward extension of
the tail current during substorm growth phase?

Where do the three main regions of the plasma sheet—PSBL, CPS
and inner edge—map onto the ionosphere?

What is the magnetospheric projection of the Harang discontinuity?

Field-aligned currents

Is the statistical pattern of ficld-aligned currents representative of the
instantaneous state at ali times in a substorm?

How is the unbalanced current at noon and midnight closed in the
magnetosphere?

Does current from the outer edge of the boundary layers close through
the polar cusps?

What is the relation of the substorm current wedge to the nightside
Region 1 current system?

What processes divert tail current into the ionosphere during the
expansion phase?

What regions of the plasma sheet provide this current?

Substorm onset

Why does the ionsopheric expansion onset begin near midnight in the
Harang discontinuity?
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IMPORTANT QUESTIONS IN SUBSTORM PHYSICS 723

‘What is the role of the inward extension of the tail current in substorm
onset?

Where does the expansion onset map to in the magnetotail?

Why does a northward turning of the IMF so frequently trigger a
substorm onset?

What causes the westward progression of substorm intensifications?
Why do many substorms develop in discrete steps or intensifications?
How important is the auroral acceleration region and ionospheric
feedback in expansion onset?

The NENL

Where is the NENL typically located and what controls its point of
formation?

Are there different varieties of reconnection possible in the tail as it
appears there is on the magnetopause?

What is the ionospheric manifestation of the onset of reconnection in
the CPS? When does this occur in relation to the expansion onset?
Do successive intensifications generate multiple plasmoids?

What causes the NENL to move tailward terminating the expansion
phase?

What is the source of the plasma that expands the plasma sheet behind
a retreating neutral line?

How much evolution of plasmoids occurs during their departure from
the tail?

Do flux ropes form around plasmoids when there is a substantial B,
component across the tail?

How can such flux ropes be completely severed from the Earth,
connecting to different meridians as they are expected to do?

Particle injection during substorms

How important is the coliapse of the tail field and associated inductive
effects in energizing and injecting particles in the inner magneto-
sphere?

What processes accelerate bursts of electrons and ions to hundreds of
kev?

How are relativistic electrons generated during magnetic activity?
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